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ABSTRACT 

Type 2 internal ribosomal entry sites (IRESs) of 
encephalomyocarditis virus (EMCV), foot-and- 
mouth disease virus (FMDV) and other 
picornaviruses comprise five major domains H-L. 
Initiation of translation on these IRESs begins with 
specific binding of the central domain of initiation 
factor, elF4G to the J-K domains, which is 
stimulated by elF4A. elF4G/elF4A then restructure 
the region of ribosomal attachment on the IRES 
and promote recruitment of ribosomal 43S 
pre-initiation complexes. In addition to canonical 
translation factors, type 2 IRESs also require IRES 
frans-acting factors (ITAFs) that are hypothesized to 
stabilize the optimal IRES conformation that 
supports efficient ribosomal recruitment: the 
EMCV IRES is stimulated by pyrimidine tract 
binding protein (PTB), whereas the FMDV IRES 
requires PTB and ITAF 45 . To test this hypothesis, 
we assessed the effect of ITAFs on the conform- 
ations of EMCV and FMDV IRESs by comparing 
their influence on hydroxyl radical cleavage of 
these IRESs from the central domain of elF4G. The 
observed changes in cleavage patterns suggest that 
cognate ITAFs promote similar conformational 
changes that are consistent with adoption by the 
IRESs of comparable, more compact structures, in 
which domain J undergoes local conformational 
changes and is brought into closer proximity to 
the base of domain I. 

INTRODUCTION 

Initiation of translation on most eukaryotic mRNAs 
involves binding of 43S pre-initiation complexes 



(comprising a 40S ribosomal subunit, initiator tRNA 
and eukaryotic initiation factors eIF2, eIF3, elFl and 
elFIA) to the 5'-end of mRNA, followed by their 
scanning to the initiation codon and joining with a 60S 
ribosomal subunit to form an 80S ribosome (1). Initiation 
on a few viral mRNAs is 5'-end independent, and is 
instead mediated by an internal ribosomal entry site 
(IRES) in the S'-untranslated region, which promotes re- 
cruitment of ribosomes to the mRNA either upstream of 
or directly to the initiation codon. Viral IRESs are classi- 
fied into four major structural groups, and although each 
uses a different mechanism for initiation, the key charac- 
teristic that differentiates them all from the canonical 
end-dependent initiation mechanism is that ribosomal re- 
cruitment is based on specific non-canonical interactions 
of the IRES with canonical components of the transla- 
tion apparatus, and because of this, needs only a subset 
of the initiation factors required by the canonical mech- 
anism (1). 

Type 2 IRESs, such as those of the picornaviruses 
encephalomyocarditis virus (EMCV), foot-and-mouth 
disease virus (FMDV) and Theiler's murine encephalomy- 
elitis virus (TMEV) are about 450-nt long, and consist of 
five major domains, designated H-L (Figure 2). Sequence 
variation between these IRESs can reach 50%, but a 
similar overall structure is maintained by compensatory 
base changes in helical elements. Biochemical reconstitu- 
tion experiments have shown that 48 S complex formation 
on type 2 IRESs requires eIF2, eIF3 and a 40S ribosomal 
subunit (which together form the core of the 43S 
complex), the RNA helicase eIF4A and the central 
domain of eIF4G, but is only modestly stimulated by 
eIF4B, elFl and elFIA, and does not require the cap 
binding protein eIF4E or the N-terminal domain of 
eIF4G to which it binds (2-5). The key interaction of 
type 2 IRESs with the translational apparatus is the 
specific binding of the central HEAT-1 domain of 
eIF4G to the IRES's J-K domains, which is enhanced 
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by eIF4A (3,5-8). The eIF4G/eIF4A complex induces 
Adenosines-triphosphate (ATP)-dependent conform- 
ational changes at the Suborder of the IRES (9) that 
likely prepare this region for binding of the 43S complex 
in a process that presumably involves the eIF4G/eIF3 
interaction. However, the exact mechanism by which 
eIF4G/eIF4A promotes attachment of 43 S complexes to 
the IRESs has not been determined. 

Importantly, initiation on type 2 IRESs also requires 
IRES trans-zding factors (ITAFs), which are RNA 
binding proteins that enhance IRES function but are not 
involved in the canonical initiation process. Although, 
they all need the same set of canonical initiation factors, 
different type 2 IRESs require distinct sets of ITAFs, 
likely due to minor sequence and structural differences 
between them, and these different requirements may influ- 
ence viral tissue tropism. The ITAF for the EMCV IRES 
is the pyrimidine tract binding protein (PTB). 
Interestingly, initiation on the wild-type (wt) IRES is 
only modestly enhanced by PTB (2) whereas specific sub- 
stitutions in the IRES or variation in the downstream 
reporter led to a strong PTB dependence (10). The 
TMEV IRES's requirement for PTB also varies signifi- 
cantly, depending on the viral strain used (5,11). The 
highly homologous neuronal paralog of PTB, nPTB, 
binds type 2 IRESs with the same specificity as PTB and 
promotes initiation on them equally well (12). In contrast 
to the EMCV IRES, efficient initiation on the FMDV 
IRES requires a second ITAF, ITAF 45 (also known as 
Ebpl), as well as PTB (5,13). The FMDV IRES's require- 
ment for ITAF45 has been confirmed in gene silencing ex- 
periments (14). It is expressed at very low levels in 
non-proliferating differentiated cells such as murine and 
human brain cells (15,16) and consistently, substitution 
of the IRES in the neurovirulent TMEV GDVII strain 
by that of FMDV (OiK) attenuated it, without 
compromising its translational activity in rabbit reticulo- 
cyte lysate or transfected BHK-21 cells (5). 

A generally accepted hypothesis for the mechanism by 
which ITAFs promote internal initiation is that their 
specific binding to an IRES induces it to adopt the 
active conformation. PTB has four RNA binding 
domains (RBDs). RBD1 and RBD2 are independent 
domains and are connected by flexible linkers whereas 
RBD3 and RBD4 have a fixed relative orientation and 
can therefore bind two separated elements in one RNA, 
bring them to within ~30 A and thus induce RNA looping 
(17,18). Binding of PTB to multiple sites on type 2 IRES 
was first observed by foot printing (5,12,19). More 
recently, directed hydroxyl radical cleavage was used to 
map the interactions of individual domains of PTB with 
the EMCV IRES (20), showing that RBDs 1 and 2 bound 
to Domain K of the IRES, near its 3'-end, whereas RBDs 
3 and 4 interacted with domain H and the base of domains 
I and L. These interactions are consistent with the 
proposed ability of PTB to induce structural changes in 
type 2 IRESs. ITAF 45 has a structure that is characteristic 
of type II methionine aminopeptidases (MAPs) with add- 
itional insertions and a disordered positively charged 
C-terminal extension (residues 338-394) that is required 
for its binding to type 2 IRESs (14,21). ITAF 45 modulates 



the accessibility of the FMDV IRES to chemical and en- 
zymatic probes at the apex of domain I and at the junction 
of I, J and L domains (5). Importantly, even though it has 
been established that PTB and ITAF 45 interact specifically 
with type 2 IRESs, there is as yet no proof that PTB or 
ITAF45 induce structural changes in these IRESs that 
promote their adoption of an active conformation, and 
the nature of these potential changes is not known. 

Here, we investigated the influence of ITAFs on the 
conformations of EMCV and FMDV IRESs using the 
directed hydroxyl radical cleavage technique and now 
report that cognate ITAFs promote similar conformation- 
al changes in the type 2 EMCV and FMDV IRESs that 
are consistent with adoption by them of a comparable 
tertiary structure in which domain J and the base of 
domain I are brought into greater proximity, resulting in 
compaction of these IRESs. 

MATERIALS AND METHODS 

Plasmids 

Expression vectors for His 6 -tagged elFl (4), elFIA (4), 
eIF4A (wt) and eIF4B (2,3), nPTB (12), ITAF 45 (5), 
Escherichia coli methionyl tRNA synthetase (22) and 
eIF4GI 73 6-iii5 (eIF4Gm) (9) and eIF4A cysteine 
mutants (23). The previously described variants of 
eIF4GI 7 3 6 _iii5 (9) have been renamed to take into 
account a recent revision to the sequence of the largest 
eIF4GI isoform (GenBank accession no. NM 1829 17). 
tRNA Met i and mRNAs containing EMCV and FMDV 
IRESs were transcribed using T7 polymerase and previ- 
ously described transcription vectors (2,5,24). 

Purification of initiation factors, ribosomal subunits and 
aminoacylation of initiator tRNA 

Native eIF2, eIF3 and 40S ribosomal subunits were 
purified from rabbit reticulocyte lysate, and recombinant 
elFs 1, 1A, 4A (wt), 4B, 4Gm (wt) and E. coli methionyl 
tRNA synthetase were expressed and purified from E. coli 
(25). Recombinant ITAF 45 and nPTB were expressed and 
purified as described (26). The expression protocol was 
modified slightly to increase the yield of mutant forms 
of eIF4A and eIF4Gm. After overnight growth on LB/ 
kanamycin (kan) plates, cells were transferred to 4 L LB/ 
kan medium and incubated with shaking at 30°C until 
0.3 < OD 60 o <0.4. 0.5 mM isopropyl (3-D-l-thiogalacto- 
pyranoside (IPTG) was added to induce expression of re- 
combinant proteins and incubation was continued for 2 h 
under the same conditions. Purification of mutant proteins 
was done as for the corresponding 'wt' proteins (25,26). 
In vitro transcribed tRNAi et was aminoacylated using 
recombinant E. coli methionyl tRNA synthetase as 
described (25). 

Fe(II)-BABE modification of eIF4A and eIF4Gm mutants 

eIF4Gm and eIF4A cysteine mutants were derivatized 
with Fe(II)-bromoacetyl-amidobenzyl-EDTA (BABE) 
as described (9) by incubating 3000 pmol of a protein 
with ImM Fe(II)-BABE in 100 ul H300 buffer 
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[80 mM 4-(2-hydroxyethyl)- 1 -piperazine ethanesulfonic 
acid (HEPES) (pH 7.5), 300 mM KC1, 2.5 mM MgCl 2 , 
10% glycerol] for 30min at 37°C. Derivatized proteins 
were separated from unincorporated reagent by buffer 
exchange on Microcon YM-30 filter units and stored 
at -80°C. 

Directed hydroxyl radical cleavage 

To investigate hydroxyl radical cleavage of EMCV and 
FMDV IRESs from the surface of eIF4Gm in IRES/ 
eIF4Gm/eIF4A ternary complexes (Figures 1, 3 and 4), 
5pmol EMCV RNA (nucleotides 280-974) or FMDV 
RNA (nucleotides 280-740) were incubated at 37°C for 
lOmin in a total reaction volume of 50 ul containing 
buffer A [20 mM HEPES (pH 7.6), 100 mM KC1, 
2.5 mM MgCl 2 and 5% glycerol] with lOpmol [Fe(II)- 
BABE]-eIF4Gm and lOpmol eIF4A in the presence/ 
absence of lOpmol nPTB and ITAF 45 , as indicated. To 
investigate hydroxyl radical cleavage of EMCV from the 
surface of eIF4Gm in 48S complexes (Figure 4), 5pmol 
EMCV RNA (nucleotides 280-974) were incubated with 
lOpmol [Fe(II)-BABE]-eIF4Gm, 20pmol eIF4A, lOpmol 
40S subunits, 15pmol eIF2, lOpmol eIF3, 50 pml elFl, 
50pmol elFIA, 20pmol eIF4B and 15pmol 
Met-tRNAi Met in the presence/absence of lOpmol nPTB 
in 50 |il buffer A supplemented with 1 mM ATP, 0.2 mM 
Guanosine 54P^-imido] triphosphate (GMPPNP) and 
0.25 mM spermidine for lOmin at 37°C. To investigate 
hydroxyl radical cleavage of EMCV and FMDV IRESs 
from the surface of eIF4A in IRES/eIF4Gm/eIF4A 
ternary complexes (Figure 5), 5pmol EMCV RNA (nu- 
cleotides 280-974) or FMDV RNA (nucleotides 280-740) 
were incubated at 37°C for lOmin in 50 ul buffer A with 
lOpmol [Fe(II)-BABE]-eIF4A and 20pmol eIF4G in the 
presence/absence of lOpmol eIF4B, nPTB and ITAF 45 , as 
indicated. To investigate hydroxyl radical cleavage of 18S 
rRNA from the surface of eIF4Gm (Figure 6), 43S 
pre-initiation complexes containing [Fe(II)-BABE]- 
eIF4Gm were formed by incubating lOpmol 40S 
subunits, 15pmol eIF2, lOpmol eIF3, 50pmol elFl, 
50pmol elFIA, 15pmol Met-tRNAi Met i? 20pmol eIF4A 
and lOpmol [Fe(II)-BABE]-eIF4Gm in 50ml buffer A 
supplemented with 1 mM adenosines-triphosphate 
(ATP), 0.2 mM Guanosine S'-^y-imido] triphosphate 
(GMPPNP) and 0.25 mM spermidine for lOmin at 37°C. 
To generate hydroxyl radicals, reaction mixtures were sup- 
plemented with 0.05% H 2 0 2 and 5mM ascorbic acid and 
incubated on ice for lOmin. Reactions were quenched by 
adding 20 mM thiourea. mRNAs and 18S rRNA were 
phenol extracted, ethanol precipitated and analyzed by 
primer extension using AMV reverse transcriptase and 
appropriate [ 32 P]-labeled primers. cDNA products were 
resolved in a 6% sequencing gel. 

RESULTS 

Conformational changes induced by ITAFs in type 2 
IRESs 

To test the hypothesis that ITAFs promote conformation- 
al changes in type 2 IRESs, we assayed hydroxyl radical 



cleavage of EMCV and FMDV IRESs from the surface of 
eIF4G in eIF4G/eIF4A/IRES complexes assembled with 
and without nPTB and ITAF 45 , with the rationale that 
differences in the intensity or pattern of cleavage caused 
by the presence of ITAFs would indicate their influence on 
the conformation of the final complex and/or eIF4G's 
affinity to the IRES. In this approach, locally generated 
hydroxyl radicals cleave the IRES in the vicinity of Fe(II) 
tethered to a unique cysteine residue on the surface of 
eIF4G via the linker 1 -(/?-bromo-acetamidobenzyl)- 
EDTA (BABE), after which cleavage sites are mapped 
by primer extension. For this, we employed six 
eIF4G 7 3 6 _iii 5 mutants (numbering of residues in eIF4G 
is based on its revised sequence); (GenBank accession 
no. NM 1829 17) containing single surface-exposed cyst- 
eines, and a cysteine-less (Cys-less) variant, which we 
have previously used to determine the orientation of 
eIF4G on the EMCV IRES (9); (Figure 1A). The 
cysteine residue in the D 92 8^D 9 28C insertion mutant is 
designated Cys929 in the text below. eIF4G 7 3 6 _in5 
(termed eIF4Gm) corresponds to the first HEAT 
domain of eIF4G and comprises five oc-helical repeats 
(7). It binds to eIF4A and eIF3 and is sufficient for 
specific interaction of eIF4G with the J-K domain of 
EMCV and FMDV IRESs and to promote efficient 48S 
complex formation on them (5,6). All eIF4Gm cysteine 
mutants bound specifically to the J-K domain and sup- 
ported 48S complex formation on EMCV and FMDV 
IRESs at levels comparable to that of the wt protein 
[(9); (data not shown)]. 

Interaction with eIF4Gm and orientation of domains in the 
EMCV IRES. Hydroxyl radicals generated from four 
positions on the surface of eIF4Gm (C752, C775, C829 
and C929; shown as colored spheres in Figure 1A) cleaved 
the EMCV IRES in eIF4G/eIF4A/IRES complexes 
(Figures 1B-D; summarized in Figure 2A and Table 1). 
The pattern of cleavage was very similar to that observed 
previously (9). However, improved protocols for purifica- 
tion and conjugation of eIF4G mutants that allowed 
higher yields of active proteins to be obtained resulted in 
an increase in the sensitivity of the hydroxyl radical 
cleavage assay and allowed us to observe additional 
medium to weak cleavages, particularly in IRES 
domains I and K. 

The strongest cleavage occurred from C929 and C829. 
Hydroxyl radicals generated from C929 strongly cleaved 
at nucleotides 709-718 in the apex of domain J (Figure IB, 
lane 5). Strong cleavage from C829 occurred at nucleo- 
tides 724-729 and nucleotides 698-703 on opposite stands 
in the middle of domain J (Figure IB, lane 3), which 
overlap a conserved sequence motif that comprises 
bulged AC and GA dinucleotides and two helical 
elements of two and 4 bp and that has been identified as 
an important determinant of eIF4G's interaction with 
type 2 IRESs (27,28). C829 also cleaved with medium in- 
tensity at nucleotides 767-771 in the A-rich loop at the 
J-K domain junction and at nucleotides 780-784 at the 
base of the domain J (Figure IB, lane 3). Strong 
cleavage also occurred from C752 at the base of domain 
J (nucleotides 681-685) (Figure IB, lane 6). This cleavage 
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Figure 1. Influence of nPTB on hydroxyl radical cleavage of the EMCV IRES in IRES/eIF4Gm/eIF4A complexes from Fe(II)-tethered eIF4Gm. 
(A) Ribbon diagram of the HEAT-1 domain of eIF4G (PDB: lhu3), with spheres indicating newly introduced cysteines. (B-D) Primer extension 
analysis of hydroxyl radical cleavage of the IRES from Fe(II) tethered eIF4Gm in IRES/eIF4Gm/eIF4A complexes in the presence/absence of nPTB. 
Lanes C, T, A, G depict the corresponding EMCV sequence. IRES domains and nucleotides are indicated on the left of each panel, and cleavage 
sites are shown on the right; boxed numbers indicate sites at which nPTB enhanced cleavage. 



pattern is consistent with positioning of the N-terminus of 
eIF4G's HEAT-1 domain near the base and of its 
C-terminus near the apex of Domain J of the EMCV 
IRES. 

Importantly, cleavage was also observed at the base of 
domain I. Thus, medium intensity cleavage occurred at 
nucleotides 453-460 at the very base of domain I from 
C829 and on the other side of the very base of this 



domain at nucleotides 675-682 and 666-672 (Figures 1C 
and D, lane 3). Weak cleavage at nucleotides 453-458 also 
occurred from C752 (Figure ID, lane 6). The observation 
of cleavage from C829 in domains I and J suggests that at 
least the base of domain I is tilted toward domain J, re- 
sulting in compaction of the IRES. 

Only weak cleavage from a single position, C775, was 
observed in domain K (nucleotides 761-766 and 739-742; 
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Figure 2. Sites of hydroxyl radical cleavage in EMCV and FMDV IRESs from Fe(II)-tethered eIF4Gm in IRES/eIF4Gm/eIF4A complexes 
influenced by cognate ITAFs mapped onto the secondary structure of IRESs. Sites of hydroxyl radical cleavage from positions on eIF4Gm 
mapped onto the secondary structures of (A and B) the EMCV IRES and (C and D) the FMDV IRES (GenBank accession no. X00871). 
Models in panels B and D show only those sites at which cleavage was enhanced by nPTB or ITAF 45 . Nucleotide numbering of the EMCV 
IRES and nomenclature of IRES domains are as in (ref. 37). Cleavage sites are show in colors that match the colors of corresponding spheres in 
Figure 1A. Sites of strong cleavage are indicated by thick edging. 
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Table 1. [Fe(II)-BABE]-eIF4G cleavage sites in the EMCV IRES 
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Table 2. [Fe(II)-BABE]-eIF4G cleavage sites in the FMDV IRES 



FMDV IRES 


Residue 


Cleaved 
nucleotides 


Cleavage intensity 
w/o ITAFs 


Influence of ITAFs on cleavage 
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Medium 
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Figure IB, lane 2), indicating that domain K is most likely 
not a primary determinant of IRES/eIF4G interaction. 
Cleavage in domain L (nucleotides 798-806) was very 
weak and occurred only from C752 (Figure IB, lane 6). 
No cleavages occurred downstream of domain L, 
upstream of domain I or in its apical half. 

Interaction with eIF4Gm and orientation of domains in the 
FMD V IRES. The same probing analysis was undertaken 
using the FMDV IRES to investigate whether its inter- 
action with eIF4G is similar to that of the EMCV IRES 
(summarized in Figure 2C and Table 2). As in the case of 
the EMCV IRES, the strongest cleavage occurred from 
C929 in the apex of domain J (nucleotides 591-596) and 



from C829 in the middle of domain J (nucleotides 
612-617), and hydroxyl radicals generated from C752 
induced medium intensity cleavage at the base of 
Domain J (nucleotides 559-561) (Figure 3B, lanes 3, 5 
and 6). Thus the orientation of eIF4Gm on the FMDV 
IRES is similar to that on the EMCV IRES with its N- 
and C-termini positioned near the base and the apex of 
domain J, respectively. Cleavage in FMDV domain K 
from C775 (nucleotides 627-630, 638-642) was again 
weak, and nearly identical in location to that which 
occurred from this residue on the EMCV IRES 
(Figure 3C, lane 2). This indicates that, as for the 
EMCV IRES, domain K is likely not a primary determin- 
ant of eIF4Gm's interaction with the FMDV IRES. As for 
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Figure 3. Influence of nPTB and ITAF 45 on hydroxyl radical cleavage of the FMDV IRES in IRES/eIF4Gm/eIF4A complexes from Fe(II)-tethered 
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EMCV, cleavage in FMDV domain L was very weak (nu- 
cleotides 667-670, 684-687) and also occurred from C752 
(Figure 3E, lane 3). No cleavages were observed down- 
stream of domain L. Whereas, cleavage within domains 
J and K of EMCV and FMDV IRESs was identical, 
cleavage in domain I differed significantly. In contrast to 
the EMCV IRES, no cleavage from any position occurred 
in the base of FMDV domain I (Figure 3B and D). 
However, low-intensity cleavage occurred in the apex of 
domain I (nucleotides 419-422 and 486-489) from C929 
(Figure 3B and D, lane 5). Thus the base of domain I in 
the FMDV IRES is not oriented as close to the base of 
domain J as in the EMCV IRES. Importantly, in contrast 
to the EMCV IRES (Figure 2A), these domains are 
separated in the FMDV IRES by an unstructured 
6nt-long spacer (Figure 2C). On the other hand, 
cleavage from C929 in apical regions of both domains I 
and J suggest the possibility of a kink in domain I that 
brings its apex in proximity to C929 positioned at the apex 
of domain J. 

Influence of nPTB on the conformation of the EMCV 
IRES. Addition of nPTB to eIF4Gm/eIF4A/EMCV 
IRES complexes enhanced cleavage from C829 and to a 
much lesser extent from C752 in the basal helix of domain 
I (nucleotides 453-460) (Figure ID, compare lanes 3, 6 
and 10, 13) and from C829 in the opposite strand of this 
helix (nucleotides 675-682) (Figure 1C, compare lanes 3 
and 10). It also enhanced the already strong cleavage from 
C929 at the apex of domain J (nucleotides 709-718) 
(Figure IB, lanes 5 and 12). Results obtained using 
PTB1 (data not shown) and nPTB in this and other ex- 
periments were similar, consistent with a previous report 
(12). This enhancement likely reflects local conformational 
changes in domain J rather than an increase in affinity of 
eIF4Gm to it, because PTB enhanced cleavage only in this 
non-conserved apical region and not at nucleotides 698- 
703 or nucleotides 724-729, which overlap the adjacent 
conserved motif that contains determinants of eIF4G's 
binding to the IRES. Such changes in the pattern of 
cleavage (summarized in Figure 2B) would be consistent 
with conformational changes in the IRES that increase the 
proximity of the base of domain I to the N-terminal region 
of IRES-bound eIF4Gm, and of the apex of domain J to 
the C-terminal region of the factor, which in turn suggests 
adoption by the IRES of a more compact conformation in 
which the bases of domains I and J are brought into closer 
proximity. 

An important question is whether these conformational 
changes induced in the IRES are related to its active con- 
formation during initiation. We took advantage of the fact 
that 48S complex formation on the EMCV IRES occurs 
efficiently in the absence of PTB to compare the pattern of 
cleavage of the IRES in eIF4Gm/eIF4A complexes, in 
eIF4Gm/eIF4A/nPTB complexes and in 48 S complexes 
assembled without nPTB. We first verified that all 
elements of the IRES in 48 S complexes remain accessible 
to eIF4Gm-mediated cleavage. Cleavages in 48S 
complexes assembled in the presence of nPTB were the 
same as in eIF4Gm/eIF4A/nPTB/IRES complexes 
(Figure 4A) confirming that the IRES was not shielded 



by components of the 43S complex. Like addition of 
nPTB, inclusion of 43 S complexes into reaction mixtures 
with the IRES and eIF4Gm/eIF4A resulted in enhanced 
cleavage from C929 at the apex of domain J (nucleotides 
709-718) (Figure 4B, compare lanes 5 and 12), and 
enhanced cleavage from C829 at the base of domain I 
(nucleotides 453-460 and 675-682) (Figures 4C and D, 
compare lanes 3, 7 and 11). Thus the changes in the 
pattern of cleavage in the IRES in 48 S complexes 
assembled without nPTB parallel the changes induced by 
nPTB in IRES/eIF4Gm/eIF4A complexes, indicating that 
the conformation of the IRES in 48 S complexes is likely 
similar to that induced by nPTB in IRES/eIF4Gm/eIF4A 
complexes off the ribosome. This in turn suggests that 
nPTB induces adoption of the active conformation by 
the EMCV IRES. 

Influence of ITAF 45 and nPTB on the conformation of the 
FMDV IRES. Efficient 48S complex formation on the 
FMDV IRES requires PTB and ITAF 45 , and we therefore 
first investigated the influence of both ITAFs together on 
eIF4G-mediated cleavage of this IRES. nPTB and ITAF 45 
together moderately enhanced the strong cleavage from 
C929 in the apex of domain J (nucleotides 591-594) 
(Figure 3B, compare lanes 5 and 12) and slightly 
enhanced the weak cleavage in the apex of domain I (nu- 
cleotides 419-422 and 486-489) (Figures 3B and D, lanes 5 
and 12). However, the strongest influence of these ITAFs 
was on the cleavage from C829. Thus, nPTB and ITAF 45 
induced very strong cleavage in the S'-terminal strand 
of the basal helix of domain I (nucleotides 337-341) 
(Figure 3D, lanes 3 and 10) and weak cleavage in the 
opposite strand (nucleotides 543-544 and 551-556) from 
C829 (Figure 3B, lanes 3 and 10). nPTB and ITAF 45 also 
eliminated the weak cleavage from C829 in the apex of 
domain J (nucleotides 591-594) (Figure 3B, lanes 3 and 
10). These changes (summarized in Figure 2D) are quali- 
tatively similar to those induced by nPTB in the pattern 
of eIF4G-mediated cleavage of the EMCV IRES 
(Figure 2B), in that they consisted of enhanced cleavage 
by C929 at the apex of domain J and either induction of 
cleavage (FMDV) or enhancement of cleavage (EMCV) 
by C829 at the base of domain I. Thus, although, in 
contrast to EMCV, no cleavage was observed in the 
FMDV IRES at the base of domain I in the absence of 
ITAFs, the global patterns of cleavage in both IRESs in 
the presence of ITAFs became very similar. Both IRESs 
thus likely adopt similarly compact conformations in the 
presence of cognate ITAFs in which the base of domain I 
and the base of domain J are brought into close proximity. 

To determine which ITAF was primarily responsible for 
inducing these conformational changes in the FMDV 
IRES, cleavage from eIF4Gm was investigated in the 
presence of nPTB and ITAF 45 individually. These experi- 
ments indicated that these changes were mostly attribut- 
able to the presence of ITAF 45 , which alone induced 
cleavage in the basal helix of domain I (nucleotides 
337-341, 543-544, 551-556) (Figures 4E and F), 
eliminated cleavage in the apex of domain J from C829 
(Figure 4F) and enhanced cleavage from C929 in the apex 
of domain I (Figure 4G). However, it is important to note 
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that the strongest induction of cleavage in the S'-terminal 
strand in the basal helix of domain I (nucleotides 337-341) 
was synergistically mediated by ITAF 45 and nPTB 
(Figure 4E, compare lanes 7 and 8). 

The position of eIF4A in IRES/eIF4G/eIF4A complexes 
assembled on EMCV and FMDV IRESs 

eIF4A is essential for initiation on all type 2 IRESs. Apart 
from increasing the affinity of eIF4G for the IRES (6), it 



also induces ATP-dependent conformational changes in 
the IRES around the initiation codon that have been 
hypothesized to be required for attachment or proper pos- 
itioning of 43S complexes (9,23). eIF4A consists of two 
domains joined by a flexible linker (Figure 5A). The 
eIF4A-NTD binds to the C-terminal helix of eIF4Gm 
whereas the eIF4A-CTD binds to its N-terminal two 
HEAT-repeats (29,30). To obtain insights into the mo- 
lecular mechanism of eIF4A's action during initiation on 
EMCV and FMDV IRESs, we employed hydroxyl radical 
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cleavage to determine its position in IRES/eIF4G/eIF4A 
complexes. For this, we used nine eIF4A mutants contain- 
ing single surface-exposed cysteines at well-distributed 
positions (shown as spheres in Figure 5A), which were 
previously used to determine the position of eIF4A in 
IRES/eIF4G/eIF4A complexes assembled on type 1 
IRESs (23). 

Hydroxyl radicals from three positions (C33, C42 and 
C351) induced cleavage in the EMCV IRES (summarized 
in Figure 5F). Strong cleavage from C33 and C42 
occurred in the apex of domain J (nucleotides 704-707 
and 712-717; Figure 5B, lanes 2 and 3). Importantly, 
hydroxyl radicals generated from C351, which is close to 
eIF4A's RNA binding region, cleaved an extensive region 
of the IRES immediately upstream of and including 
the initiation codon (nucleotides 816-836) with weak to 
medium intensity (Figure 5B, lane 4). Cleavage from C351 
was dependent on the presence of ATP (Figure 5C, lanes 3 
and 5). None of the cleavages described above occurred in 
eIF4G's absence (data not shown), and neither their in- 
tensity nor location were influenced by eIF4B (Figure 5B, 
lanes 6-8). 

Analogous cleavages from C33 and C42 were induced in 
the apex of domain J of the FMDV IRES (Figure 5D, 
lanes 1-4). Cleavage from these eIF4A residues in both 
IRESs overlapped with those induced from C929 of 
eIF4Gm (Figures IB and 3B, lane 5), consistent with the 
proximity of these positions to each other in eIF4G/eIF4A 
complexes, as determined by NMR and X-ray 
crystallography (29,30). Although the position of these 
cleavages was not altered by ITAFs, the intensity of 
cleavage at the apex of domain J was slightly enhanced 
by them (Figure 5D, lanes 5-8). This is consistent with 
the enhancement by these ITAFs of cleavage by 
eIF4G-Cys929 in the same region, at nucleotides 
591-594 (Figure 3B). However, in contrast to the 
EMCV IRES, cleavage around the initiation codon in 
the FMDV IRES from C351 of eIF4A was very weak, 
at the limit of significance (Figure 5E). 

Ribosomal position of eIF4Gm in initiation complexes 

To get insights into the orientation of type 2 IRESs in 48S 
complexes, we investigated the ribosomal position of 
eIF4Gm in eIF4G-bound 43S complexes and in 48S 
complexes formed on the EMCV IRES. The position of 
eIF4Gm was mapped by hydroxyl radical cleavage of 18S 
rRNA using the eIF4Gm cysteine mutants described 
above (Figure 1A). In eIF4Gm-bound 43 S complexes, 
hydroxyl radicals generated from two positions in the 
N-terminal region of eIF4Gm cleaved 18S rRNA in the 
eukaryote-specific expansion segment (ES) 6, which 
emerges at the solvent side of the platform just below 
helix 26 and branches into three long irregular helices. 
The first runs perpendicularly to the body in the direction 
of the shoulder, the second is oriented parallel to the 
length of the body pointing toward its bottom, and the 
third is also situated perpendicular to the body but points 
more into solution away from the body than the first (31); 
(Figure 6C). In eIF4Gm-associated 43 S complexes, 
medium-intensity cleavage occurred at the base of the 



second helix: hydroxyl radicals from C829 and C775 
cleaved exposed nucleotides 904-906 with medium inten- 
sity (Figure 6 A, lanes 2 and 3). In addition, hydroxyl 
radicals generated from C829 induced weak cleavage at 
the apex of the third helix (nucleotides 764-765 and 
773-776) (Figure 6B, lane 3). Cleavage was identical in 
eIF4Gm-bound 43 S complexes and in 48 S complexes 
assembled on the EMCV IRES, but did not occur when 
eIF4Gm was incubated with 40S subunits alone (data not 
shown). No cleavage was observed in any other region of 
18S rRNA, including the platform or the head of the 40S 
subunit. 

It is difficult to reconcile cleavage from the same 
position (C829) at sites in different helices that are so far 
apart (Figure 6C) unless ES6 undergoes substantial con- 
formational rearrangement e.g. upon formation of 43S 
pre-initiation complexes. Since the third helix protrudes 
away from the surface and does not contact other 
portions of the 40S subunit, it would be more likely to 
undergo major conformational changes than the base of 
the second helix. The model for the eIF3 position on the 
40S subunit obtained by superimposing the cryo-EM 
eIF3/HCV IRES structure onto the cryo-EM structure 
of the 40S/HCV IRES complex (32) indicates that the 
left leg of eIF3 is located between the Platform and ES6. 
This places it near and just above the regions of 18S rRNA 
cleaved from eIF4G. If greater reliance is placed on the 
substantially more intense cleavage at nucleotides 
904-906, then these data suggest that the HEAT-1 
domain of eIF4G is located on the solvent side of the 
40S subunit just below the platform, in which case 
eIF4Gm would likely interact with the left leg of eIF3 
(32). However, the position of eIF4G that was deduced 
by fitting the EM structure of the eIF3/eIF4G complex 
onto the eIF3 density in a 40S/eIF3/HCV IRES model 
suggested that eIF4G interacts with the left arm of eIF3 
and is instead located in close proximity to the head/neck 
of the 40S subunit (32), over 100 A from the positions of 
cleavage in 18S rRNA that we observed. Although the 
apparent contradiction concerning the ribosomal 
position of eIF4G cannot currently be resolved, the pos- 
sibility that the absence of cleavage in the neck/head area 
is due to the extensive shielding of this region of 18S 
rRNA by ribosomal proteins cannot be excluded. 

DISCUSSION 

Interaction of eIF4G with type 2 IRESs 

Hydroxyl radical cleavage experiments reveal important 
similarities between the interaction of eIF4Gm with 
EMCV and FMDV IRESs. They confirmed that the inter- 
action of eIF4Gm primarily involves domain J, since 
cleavage in domain K was weak and was observed from 
only a single position (Cys775). These observations are 
consistent with prior reports that in the absence of 
domain K, specific binding of eIF4G to domain J still 
occurs, albeit with reduced affinity (33). The pattern of 
cleavage of EMCV and FMDV IRESs indicates that in 
both cases, the HEAT1 domain of eIF4G binds with its 
C-terminus oriented toward the base of IRES domain J 
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and its N-terminus in proximity to its apex. The sites of 
interaction of eIF4Gm with type 2 IRESs inferred from 
the cleavage data are consistent with chemical and enzym- 
atic foot-printing analyses (5,8). Importantly, the sites of 
strongest cleavage, which were from Cys829 in the lower 
half of domain J (Figure 2), coincided with a conserved 
element that has been identified as a key determinant of 
eIF4G's binding to type 2 IRESs (27,28). 

The influence of ITAFs on the conformation of type 2 
IRESs 

Although eIF4Gm induced similar patterns of cleavage in 
J-K domains of EMCV and FMDV IRESs, and no cleav- 
ages occurred upstream of domain I or downstream of 
domain L in both cases, cleavage in domain I in the 
absence of ITAFs differed between these IRESs. Thus 
cleavage at the base of domain I was observed only in 
the EMCV IRES, implying that tilting of the base of 
domain I toward domain J occurs in the EMCV but not 
in the FMDV IRESs, and cleavage at the apex of domain I 
was observed only in the FMDV IRES, suggesting that a 
kink in domain I brings its apical cloverleaf element in 
proximity to the region of eIF4Gm that is positioned at 
the apex of domain J. These distinct aspects of the 
patterns of cleavage indicate that in the absence of 
ITAFs, the orientation of domain I relative to the J-K 
domain differs in these IRESs. Importantly, the I and 
J-K domains are separated by only 1 nt in the EMCV 
IRES, but by a 6-nt long unstructured linker in the 
FMDV IRES (Figure 2). 

The primary effects of inclusion of cognate ITAFs in 
probing reactions were (i) strong enhancement of cleavage 
from Cys829 of eIF4Gm at the base of domain I by nPTB 
in the case of the EMCV IRES and induction of strong 
cleavage from this eIF4Gm residue at an identical position 
in the FMDV IRES by ITAF 45 and (ii) enhancement by 
nPTB and ITAF 45 of cleavage from eIF4G-Cys929 at the 
apex of domain J in the EMCV IRES and the FMDV 
IRES, respectively. ITAF 45 also eliminated cleavage at 
the apex of FMDV domain J from Cys829, which was 
not observed in the EMCV IRES. As a result of these 
changes, the patterns of cleavage from eIF4Gm in 
complexes of EMCV and of FMDV IRESs with cognate 
ITAFs became broadly similar. This would be consistent 
with adoption by these IRESs of a comparable tertiary 
structure in which domain J undergoes local conform- 
ational change and domain J and the base of domain I 
are brought into greater proximity, resulting in compac- 
tion of these IRESs. The nature of the changes induced by 
cognate ITAFs in type 2 IRESs suggests that the latter 
consist of independent domains connected by linkers 
and that the individual domains can pivot or rotate 
relative to each other and pack together in a manner 
that is promoted by ITAFs. 

Although ITAF45 was primarily responsible for altering 
the pattern of eIF4Gm-mediated cleavage of the FMDV 
IRES, there was strong synergism between it and nPTB in 
promoting cleavage at the base of domain I, which would 
explain the positive influence of PTB on FMDV IRES 
function (34) and the synergistic activation of this 



process by both ITAFs (5,13). It should also be noted 
that the conformational rearrangement induced by nPTB 
and ITAF45 in these IRESs is likely more extensive than 
apparent here, because our assay identified only those 
changes that occurred in proximity to eIF4G. 

A significant question is whether adoption of an altered 
conformation by the EMCV and FMDV IRESs in the 
presence of cognate ITAFs is in fact responsible for the 
translational 'activation' of IRESs by these factors. The 
observation that the changes in the pattern of cleavage 
from eIF4Gm in the EMCV IRES in 48 S complexes 
assembled in the absence of nPTB were similar to those 
induced by nPTB suggests that nPTB does indeed induce 
the active conformation of the EMCV IRES. 

Directed hydroxyl radical cleavage experiments have 
shown that RBD1 and RBD2 of PTB interact with the 
apical loop of domain K of the EMCV IRES, whereas 
RBD3/4 bind to domain H and the base of domains I 
and L, which implies that PTB constrains and stabilizes 
the three-dimensional structure of the IRES (20). The 
similarity between PTB's footprint on the EMCV IRES 
and on other type 2 IRESs (5,12,19) and the sequence 
conservation between these IRESs suggests that individual 
domains of PTB interact with all type 2 IRESs in a similar 
manner. Foot-printing data (5) suggest that ITAF 45 also 
interacts with multiple non-overlapping sites in the 
FMDV IRES. It is therefore likely that both PTB and 
ITAF45 interact simultaneously with several domains of 
type 2 IRESs, limiting their relative mobility and thus 
stabilizing the IRES in a specific conformation. 

The mechanism of initiation of translation on type 2 
IRESs 

If type 2 IRESs consist of stable domains that can rotate 
relative to each other and that may require one or more 
ITAFs to promote their packing together for the IRES to 
adopt its active conformation, this raises the question of 
which stage in the process of IRES-mediated initiation is 
dependent on alteration of the conformation of the IRES. 

The first stage in initiation on type 2 IRESs is the 
specific binding of eIF4G/eIF4A to the J-K domain, but 
this stage is not dependent on ITAFs (6). This binding 
induces conformational changes in the vicinity of the ini- 
tiation codon in an ATP-dependent manner (9) that are 
likely to be required for productive binding of a 43S 
complex and proper positioning of mRNA in the 
mRNA binding cleft of the 40S subunit. Thus, one possi- 
bility is that changes in the IRES induced by ITAFs might 
be required for proper orientation of eIF4A so that it can 
efficiently induce the necessary conformational changes in 
the area of the IRES flanking the initiation codon. 
However, even in the absence of ITAFs, eIF4G/eIF4A 
were able to induce these conformational changes (9) 
and hydroxyl radicals generated from eIF4A-Cys351 
(which is close to the mRNA binding surface of eIF4A 
in its closed ATP-bound form) (35), induced cleavage 
at and immediately upstream of the initiation codon 
(Figure 6B) in ternary IRES/eIF4G/eIF4A complexes. 
This indicates that even in the absence of ITAFs, eIF4A 
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is appropriately oriented in IRES/eIF4G/eIF4A 
complexes. 

Importantly, although specific interaction of the J-K 
domains of type 2 IRESs with eIF4G/eIF4A is crucial 
for initiation on them, the J-K domains alone do not 
have IRES activity (36,37) even though they retain the 
ability to bind specifically to eIF4G/eIF4A (9). In 
addition to the J-K domain, domain I is also essential 
for the activity of type 2 IRESs. Thus, deletion or 
mutation of elements at the apex of this domain abrogates 
the function of these IRESs without impairing their inter- 
action with eIF4G (8,36,38-40), suggesting that this 
region plays an essential (but as yet uncharacterized) 
role in initiation on type 2 IRESs at a step other than 
recruitment of eIF4G/eIF4A. 

The results of directed hydroxyl radical probing indicate 
that ITAFs promote relative reorientation of I and J-K 
domains. Reorientation of domain I might be required to 
overcome potential steric impediments to stable binding of 
43S and IRES/eIF4G/eIF4A complexes, such as possible 
clashes between elements of the IRES and eIF3 and/or the 
40S subunit. However, even if there are no such steric 
clashes, this conformational rearrangement may neverthe- 
less contribute to the correct positioning of domain I, 
facilitating the establishment of specific interactions with 
eIF3 or the 40S subunit itself to anchor the IRES on the 
43S complex, or even to induce conformational changes in 
43 S complexes that promote proper initial attachment or 
proper positioning of the coding region in the mRNA 
binding cleft, in a manner analogous to the activity of 
domain II of hepatitis C virus and related IRESs (41). 
Further mechanistic insights into this stage of initiation 
on type 2 IRESs will require determination of the struc- 
ture of IRES-bound initiation complexes to establish the 
conformation and interactions of domain I in them. 
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